Introduction
============

Gastric cancer (GC) is one of the four most common types of cancer and one of the three major causes of cancer-associated mortality in the world. Each year, 2% of all new cases of GC are diagnosed in the United States, with 42.6% in China ([@b1-ijmm-42-03-1473]--[@b3-ijmm-42-03-1473]). In the late stage of GC, the average survival rate of patients is usually \<12 months ([@b4-ijmm-42-03-1473]). As there is no obvious clinical manifestation in early GC, the majority of patients are diagnosed with advanced GC. At this time, the optimal period for surgery has been missed ([@b5-ijmm-42-03-1473]). Therefore, it is crucial to investigate the biomarkers and drug targets in the development of GC ([@b6-ijmm-42-03-1473]). Currently, the most common biomarkers in GC include carcinoembryonic antigen, tumor antigen 19--9 and tumor antigen 72--4 ([@b7-ijmm-42-03-1473]--[@b9-ijmm-42-03-1473]). By examining the changes of biomarkers, an effective and early diagnosis for GC can be made. In addition to surgical treatment of GC, chemotherapy is also one of the major treatments for GC. However, its effect is not satisfactory due to the serious side effects caused by chemotherapy. Therefore, the development of more effective chemotherapeutic drugs for GC has attracted increasing attention.

At present, in the development of novel chemotherapeutic drugs, it is generally accepted that natural products are a viable option, which can serve as an important potential source of novel drugs in cancer chemotherapy. There are various sources of natural products, and the antitumor potential of pharmaceutical plants has been closely examined. For example, the spindle formation of cells is inhibited by paclitaxel, mitosis is suspended by the failure of spindle formation, and cell apoptosis is caused by the interruption of mitosis. The cell death-inducing function towards cancer cells by paclitaxel occurs in this way ([@b10-ijmm-42-03-1473]). Studies have shown that paclitaxel can effectively promote the apoptosis of tumor cells and, therefore, be involved in the treatment of breast cancer ([@b11-ijmm-42-03-1473]). In addition to paclitaxel, paeonol extracted from the root bark of peony has various pharmacological and physiological effects, including sedation, hypnosis, anti-inflammatory and antitumor effects ([@b12-ijmm-42-03-1473]--[@b14-ijmm-42-03-1473]). Studies on paeonol have indicated that it can prevent the division of multiple cancer cell lines and inhibit the growth of xenograft tumor model in the body ([@b15-ijmm-42-03-1473]--[@b17-ijmm-42-03-1473]). For example, in lung cancer cell lines, paeonol and platinum compounds can synergistically inhibit the growth of tumor cells and induce the apoptosis of tumor cells ([@b18-ijmm-42-03-1473]). In addition, the growth status of the HepG2 hepatocellular carcinoma cell line treated with paeonol was reduced, compared with that of the control group ([@b13-ijmm-42-03-1473]). In addition, paeonol can inhibit cell cycle and promote the apoptosis of cancer cells in this manner. Paeonol also has a significant inhibitory effect on esophageal cancer and GC, and can induce the apoptosis of GC cells ([@b15-ijmm-42-03-1473],[@b19-ijmm-42-03-1473],[@b20-ijmm-42-03-1473]). A preliminary study on the cell-death mechanism of paeonol suggested that the increase in the ratio of inducing factor B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax) and inhibitory factor Bcl-2 is the main reason for paeonol promoting cell apoptosis. A study on these two genes indicate that their expression can control cell apoptosis mediated by mitochondria ([@b21-ijmm-42-03-1473]). It has also been demonstrated that paeonol is beneficial for novel drugs in the treatment of GC chemotherapy. At present, the mechanism of paeonol has been understood preliminarily, however, the targets of paeonol on GC cells remain to be elucidated. The identification of drug targets is vital for understanding the mechanism of drugs. Consequently, investigation of the targets of paeonol in the treatment of cancer is particularly important.

The process of cancer occurrence and subsequent tumor migration and diffusion is complicated, and several genes are involved in the process. Currently, with advances in molecular biology and genomics methods, genes involved in tumorigenesis have been increasingly investigated, and the data in associated databases are being constantly enriched. How to identify the target genes of drugs from these complicated data is a major problem in scientific research. The correlation between drugs and genes can be predicted using bioinformatics, and the association between genes and the potential target genes of drug action can be identified quickly and effectively ([@b22-ijmm-42-03-1473],[@b23-ijmm-42-03-1473]). This method provides a novel approach for investigations the mechanism of drug action. In the present study, the potential target genes of paeonol associated with GC were investigated by combining the method of pre-analysis with experiments ([@b22-ijmm-42-03-1473],[@b23-ijmm-42-03-1473]). Using bioinformatics, a potential target gene of paeonol, epidermal growth factor receptor 2 (ERBB2), in the treatment of GC was identified and it was found that the nuclear factor (NF)-κB signaling pathway may be associated with the role of paeonol. The effects of paeonol on ERBB2 and the NF-κB signaling pathway were preliminarily examined in subsequent experiments, providing a theoretical basis for further elucidating the mechanism underlying the effect of paeonol on cancer cells.

Materials and methods
=====================

Bioinformatics retrieval
------------------------

The paeonol drug and its targets were searched and analyzed using the Search Tool for Interactions of Chemicals (STITCH; <http://stitch.embl.de/>) tool. GC-related genes were searched using PolySearch2 (<http://polysearch.cs.ualberta.ca/>). The shortest path between the genes was calculated using Dijkstra\'s algorithm, thereby predicting the potential genes. GC-related genes were subsequently analyzed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; version 10.5; <https://string-db.org/>).

Cell culture
------------

The SGC-7901 GC cell line was obtained from the Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells were cultured with RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), which contained 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), and incubated in a 5% CO~2~ incubator at 37°C. The culture medium was replaced every 2--3 days. Following culture, SGC-7901 cells in the logarithmic growth phase were used for transfection experiments. Cell transfection was performed using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and morphology was observed under an inverted microscope (×300).

Tissue samples
--------------

The GC and adjacent tissues were collected from patients (age, 40--80; 14 females and 36 males) the Department of Gastrointestinal Surgery of The First Affiliated Hospital of Bengbu Medical College (Bengbu, China) between January and December 2013. The First Affiliated Hospital of Bengbu Medical College provided ethical approval for the study and written informed consent was obtained from all subjects. No patients had received chemotherapy or radiotherapy prior to surgery. Tissues were obtained during tumor resection surgery and stored in liquid nitrogen and stored at −80°C.

Detection of cell viability by MTT assay
----------------------------------------

Paeonol was purchased from Aladdin Industrial Corporation (Shanghai, China) and diluted to different concentrations in DMSO (0, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/ml). Cells were seeded (5×10^3^ cells/well) in a 96-well plate and were treated for 24 and 48 h at 37°C by paeonol at different concentrations separately. The treated cells were then screened using the MTT assay. Into each well, 20 *µ*l MTT (5 mg/ml) was added and incubated for 4 h. The medium was carefully aspirated, and 200 *µ*l dimethyl sulfoxide was added into each well and incubated for 10 min at 37°C or oscillated for 10 min until the blue-violet crystals were completely dissolved. The absorbance value was determined at 570 nm using a microplate reader and a cell growth curve was then drawn.

Flow cytometry
--------------

Annexin V-FITC/PI double staining was performed to detect cell apoptosis. Following 0.25% trypsin digestion, a single cell suspension was produced, and the cell density was adjusted to 5×10^5^--1×10^6^/ml. The cells were washed with 1 ml PBS three times and centrifuged for 10 min at 157 × g at 4°C, followed by discarding of the culture medium. Subsequently, the cells were resuspended with 200 *µ*l binding buffer and then incubated with Annexin V-FITC (10 *µ*l) and PI (5 *µ*l) for 15 min in the dark at room temperature. Following incubation, 300 *µ*l of binding buffer was added and flow cytometry was performed. The light source was a 488 nm fluorine ion laser. Following excitation, FITC emitted green fluorescence and PI emitted red fluorescence.

Detection of the expression of ERBB2 using an enzyme-linked immunosorbent assay (ELISA)
---------------------------------------------------------------------------------------

The protein expression of ERBB2 was detected using ELISA with the Thermo Fisher ELISA kit according to the manufacturer\'s protocol (Thermo Fisher Scientific, Inc.).

Western blot analysis
---------------------

Cells at the logarithmic growth phase were selected and washed once with PBS. Fresh protein was extracted following cell lysis in 200 *µ*l of 1% sodium dodecyl sulfate (SDS) in an ice bath. Quantitative detection of proteins was performed using a Pierce protein determination kit. Briefly, following separation by 12% SDS-polyacrylamide gel electrophoresis, 50--100 *µ*l protein was transferred onto polyvinyl difluoride membranes and sealed for 1 h in Tris-buffered saline-Tween 20 (TBST) solution with 5% evaporated milk. Subsequently, phosphoinositide 3-kinase (PI3K; cat. no. SAB4502195; Sigma-Aldrich; EMD Millipore, Billerica, MA, USA; 1:1,000), phosphorylated (p-)PI3K (Tyr607; cat. no. ab182651; Abcam, Cambridge, MA, USA; 1:1,000), Akt (cat. no. SAB4500800; Sigma-Aldrich; EMD Millipore; 1:500), p-Akt (Thr308; cat. no. 05--802R; 1:200; Sigma-Aldrich; EMD Millipore) were used for cell incubation at 4°C overnight. β-actin (cat. no. LCA01; Auragene, Changsha, China; 1:15,000) was incubated with the membrane at room temperature for 2 h, followed by incubation with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies \# (cat nos. SA001 and SA009, respectively; Auragene, Changsha, China; 1:10,000) for 1.5 h at room temperature following TBST rinsing (5 min, three times). Finally, the membranes were washed with TBST (10 min, three times) and visualized using a chemiluminescent substrate (ECL™, GE Healthcare Life Sciences, Uppsala, Sweden). ImageJ 1. 39U software (National Institutes of Health, Bethesda, MD, USA) was used to analyze the optical density value of the target strips. β-actin served as the internal reference, and the experiment was repeated five times.

Immunocytochemical staining
---------------------------

The cells in logarithmic growth phase were selected and stained using standard immunostaining procedures. The p65 protein antibody (cat. no. 8242; 1:100) was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The staining with DAB and Warp Red was then observed under a light microscope ([@b24-ijmm-42-03-1473]).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
-------------------------------------------------------------------------------

The method used for the RT-qPCR assay was as previously described ([@b18-ijmm-42-03-1473]). Total RNA was extracted using TRIzol reagent (Takara Biotechnology Co., Ltd., Dalian, China) and cDNA was synthesized using a PrimeScript™ RT reagent kit (Takara Biotechnology Co., Ltd.) according to the manufacturer\'s instructions. PCR was performed using a SYBR Premix Ex Taq™ II kit (Takara Biotechnology Co., Ltd.) with the following thermocycling conditions: 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec. The primers of genes were as follows: Interleukin (IL)8, forward 5′-GGCTCTCTTGGCAGCCTTCCTG-3′ and reverse 5′-CTTCTCCACAACCGTCTCACCC-3′; IL17A, forward 5′-CTGTGTCTCTGATGCTGTTGC-3′ and reverse 5′-GTGGAACGGTTGAGGTAGTCT-3′; ERBB2, forward 5′-CTTTTGGGGCCAAACCTTAT-3′ and reverse 5′-CTAGTGGGACGCGGACAT-3′; IL1B, forward 5′-ATGATGGCTTATTACAGTGGCAA-3′ and reverse 5′-GTCGGAGATTCGTAGCTGGA-3′. The 2^−ΔΔCq^ method was used to analyze the relative changes in gene expression ([@b25-ijmm-42-03-1473]).

Statistical analysis
--------------------

All data were analyzed using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA. Enumeration data were assessed using the χ^2^ test. Using a normality test, measurement data with a normal distribution are expressed as the mean ± standard deviation, whereas measurement data without a normal distribution are expressed as the median M (Q1, Q3). Comparisons between two groups were made using Student\'s t-test, and one-way analysis of variance was used for more than two groups, followed by Tukey\'s post-hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Target genes of paeonol
-----------------------

In total, seven genes interacting with paeonol were obtained from the STITCH database ([Fig. 1](#f1-ijmm-42-03-1473){ref-type="fig"}), namely caspase (CASP)3, CASP8, intercellular adhesion molecule 1, prostaglandin-endoperoxide synthase 2 (PTGS2), vascular cell adhesion molecule 1 (VCAM1), tyrosinase (TYR), and CASP10. These genes were directly affected by paeonol and were recognized as the direct targets of paeonol.

GC-related genes
----------------

Using \'gastric cancer\' as a keyword, the related genes were selected from the literature using the disease gene database PolySearch2. Ultimately, a total of 11 GC-related genes were identified ([Table I](#tI-ijmm-42-03-1473){ref-type="table"}). These genes were known molecules and molecular mechanisms of GC, therefore, the effect on GC is anticipated to be mediated by these genes. Via STRING analysis of the cluster of these GC-related genes, the association network of the ERBB2, cadherin 1 (CDH1), IL1B, IL8, IL17A and transforming growth factor-β receptor 2 (TGFBR2) genes was formed ([Fig. 2A](#f2-ijmm-42-03-1473){ref-type="fig"}). Through the detection of the expression levels of mRNAs, ERBB2, IL1B, IL8 and IL17A were significantly upregulated in GC tissues, compared with those in adjacent tissues ([Fig. 2B](#f2-ijmm-42-03-1473){ref-type="fig"}).

Interaction network between paeonol and GC-related genes
--------------------------------------------------------

To investigate the association between paeonol and GC-related genes, the correlations between the target genes directly affected by paeonol and the known GC genes were analyzed through gene-gene interaction networks in the STRING database. Furthermore, the shortest paths between these genes were calculated using Dijkstra\'s algorithm. The interaction network between the compounds and genes was constructed, as shown in [Fig. 3](#f3-ijmm-42-03-1473){ref-type="fig"}.

None of the seven target genes directly affected by paeonol were known GC-related genes and had not been found to be involved in GC, however, they were closely related with the known GC-related genes. Through the calculation of the connection degree between these target genes and the known genes ([Table I](#tI-ijmm-42-03-1473){ref-type="table"}), it was found that the target genes of paeonol have a wide range of connections with the known genes, suggesting that paeonol was likely to affect the pathogenesis of GC by acting on these genes. In addition, according to the core degree and connectivity, several genes ([Table II](#tII-ijmm-42-03-1473){ref-type="table"}) were at the core of the connection in the whole interaction network, indicating their importance in GC and reflecting that the mechanism underlying the effect of paeonol in GC involved indirectly affecting these core genes. The GC-related core genes with indirect associations were at the core of paeonol, including ERBB2, CDH1, C-X-C motif chemokine ligand 8 (CXCL8; IL8), IL17A, IL1B and TGFBR2, among which ERBB2 was the most important gene in the GC-related genes (Z-score, 22.97; R-score, 1,120; [Table I](#tI-ijmm-42-03-1473){ref-type="table"}) and paeonol core genes, indicating that it may be a potential factor in paeonol affecting GC. However, there are few reports on the association between paeonol and ERBB2.

Enrichment analysis of signaling pathways of genes affected by paeonol
----------------------------------------------------------------------

The genes found to be directly or indirectly affected by paeonol were subjected to enrichment analysis of signaling pathways ([Fig. 4](#f4-ijmm-42-03-1473){ref-type="fig"}). The results demonstrated that the genes affected by paeonol were mainly concentrated in the Cytokine-receptor interaction, tumor necrosis factor (TNF) and NF-κB signaling pathways. Among these, the ERBB2 and NF-κB signaling pathway have been reported frequently in breast cancer, and their role in GC requires further investigation.

Paeonol inhibits the growth of SGC-7901 cells
---------------------------------------------

The cells were treated with 0, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/ml paeonol and detected using an MTT assay following 24 and 48 h, respectively. The results showed that, with the increase in the dose of paeonol, the inhibitory effect on cell viability was increased. There were no significant differences in the inhibitory effects at the same concentration between the different time points. The half maximal inhibitory concentration (IC~50~) of paeonol was 0.395 mg/ml at 48 h, as assessed by the MTT assay. This suggested that the inhibitory effect of paeonol on SGC-7901 cells was significantly dose-dependent ([Fig. 5](#f5-ijmm-42-03-1473){ref-type="fig"}).

Paeonol disrupts the normal morphology of SGC-7901 cells
--------------------------------------------------------

Following treatment with paeonol, the morphological changes of the cells were observed under an inverted microscope (×300). As shown in [Fig. 6](#f6-ijmm-42-03-1473){ref-type="fig"}, without the addition of paeonol, the cells were clear in shape, were well arranged and floating cells were almost absent. Following the addition of paeonol, cell morphology was significantly altered. With the increase in the concentration of paeonol, the morphological changes of the cells were more marked. Following the addition of 0.4 mg/ml paeonol, the cells appeared blurred, abnormal in shape and sparse in arrangement, and there were several floating cells. This indicated that the concentration of paeonol significantly affected the morphology of the GC cells.

Paeonol promotes the apoptosis of SGC-7901 cells
------------------------------------------------

Following treatment with paeonol, the death of GC cells at different concentrations was measured. In the control group, without the addition of paeonol, there were fewer dead cells and apoptotic rate was low. Following the addition of paeonol, the apoptotic rate of the cells was increased ([Fig. 7](#f7-ijmm-42-03-1473){ref-type="fig"}), particularly following the addition of 0.4 mg/ml paeonol, with which the rate of apoptosis was significantly increased. Flow cytometry showed that the apoptotic number was notably increased, which confirmed the above results. Following the addition of paeonol, the rate of cell apoptosis was apparently increased. The higher the concentration of paeonol was, the higher the rate of cell apoptosis was, showing a significant dose-effect association (P\<0.05).

Paeonol significantly downregulates the expression of ERBB2
-----------------------------------------------------------

ERBB2 is a known GC-related gene, which is expressed at a high level in GC tissues. In the early bioinformatics analysis, it was found that ERBB2 may be a potential target of paeonol. Therefore, following treatment with different concentrations of paeonol, the expression of ERBB2 in the SGC-7901 GC cell line was detected. The results ([Fig. 8A and B](#f8-ijmm-42-03-1473){ref-type="fig"}) showed that, following the addition of paeonol, the protein expression of ERBB2 in the SGC-7901 cell line was significantly decreased as the concentration of paeonol increased. There was a dose-effect between the two. This suggested that ERBB2 was a potential target of paeonol in the SGC-7901 GC cell line.

Paeonol inhibits activation of the AKT signaling pathway
--------------------------------------------------------

Following the phosphorylation of PI3K and the further activation of Akt, the Akt gene is activated by the phosphorylation of threonine at position 308 and serine at position 473. Akt and p-Akt in the GC SGC-7901 cell line were detected using western blot analysis. The results ([Fig. 9](#f9-ijmm-42-03-1473){ref-type="fig"}) demonstrated that, following treatment with paeonol, the expression of p-Akt in the GC cells was significantly decreased, whereas no significant change was observed in the expression of Akt. The same was observed for PI3K and p-PI3K. This suggested that paeonol effectively inhibited the activation of the AKT signaling pathway.

Paeonol promotes cell apoptosis by inhibiting the nuclear transformation of NF-κB
---------------------------------------------------------------------------------

The expression of p65 in the nucleus and cytoplasm was detected using western blot analysis. The results ([Fig. 10A and B](#f10-ijmm-42-03-1473){ref-type="fig"}) indicated that, following treatment with paeonol in the GC cell lines, the protein expression of p65 was decreased in the nucleus and increased in the cytoplasm, which also indicated that paeonol inhibited the activation of the NF-κB signaling pathway. The expression of the downstream target gene Bcl-2 in the NF-κB pathway was also detected. The results indicated that, following treatment with different concentrations of paeonol, the gene expression of Bcl-2 was decreased, whereas the gene expression of Bax was increased; these differences were significant. These results suggested that paeonol regulated the ratio of Bax/Bcl-2 by affecting the NF-κB signaling pathway, thereby influencing the apoptosis of the cancer cells.

Discussion
==========

At present, bioinformatics is one of the most common methods for identifying the target molecules of drugs. In the present study, it was found that the GC-related gene ERBB2 was associated with the target gene of paeonol by the STITCH database and Dijkstra\'s algorithm. ERBB2, also known as HER2, is a receptor of human epidermal growth factor. It has been demonstrated that the expression of PTGS2 is directly affected by the expression of HER2. Vadlamudi *et al* ([@b26-ijmm-42-03-1473]) found that the inhibition of HER2 resulted in a decrease in the expression of PTGS2, whereas the activation of HER2 activated the promoter of PTGS2 and promoted the expression of PTGS2. Of note, one of the direct target genes of paeonol in the treatment of tumor diseases is PTGS2; it was found that, following a decrease in the expression level of PTGS2, the viability of GC cells was markedly reduced ([@b27-ijmm-42-03-1473]). Following treatment of tumor cells with paeonol, the expression of PTGS2 was significantly reduced, thus the effect of paeonol on the tumor was achieved by inhibiting the expression of PTGS2 ([@b28-ijmm-42-03-1473]). These existing reports indicated that ERBB2 was likely to be a potential target of paeonol, which also confirmed the accuracy of the screening performed in the present study. Through examining the function of ERBB2 and its associated mechanism, it was possible to understand the way in which paeonol functions in the antitumor process.

Investigations on the mechanism of paeonol have shown that paeonol affects the expression of certain inflammation-related cytokines, including TNF-α, IL-1β and IL-6. For example, following treatment with paeonol, the expression levels of TNF-α, IL-1β and IL-6 were significantly decreased ([@b29-ijmm-42-03-1473]--[@b31-ijmm-42-03-1473]). However, certain chronic inflammatory diseases can lead to cancer in certain tissues ([@b32-ijmm-42-03-1473]). For example, the chronic inflammatory response caused by asbestos has been associated with mesothelioma ([@b33-ijmm-42-03-1473]). These results suggest that the expression of inflammatory factors was directly associated with the development of tumors. Paeonol may exert an antitumor effect by influencing the inflammatory factors. Of note, activation of the NF-κB signaling pathway is one of the major factors involved in the normal expression of inflammatory cytokines. NF-κB is an inflammatory transcription factor and, when activated, the expression of inflammatory cytokines is increased ([@b34-ijmm-42-03-1473]). Studies have found that NF-κB can improve the transcription and expression of TNF-α and IL-1β, and TNF-α, IL-1β and IL-6 can significantly accelerate the development of cancer cells ([@b35-ijmm-42-03-1473],[@b36-ijmm-42-03-1473]). In addition, it has been reported that NF-κB is the core causal factor in tumors resulting from inflammation ([@b37-ijmm-42-03-1473]). These results demonstrated that the activation of NF-κB is critical in the growth of cancer cells. Furthermore, it has been reported that NF-κB has a significant positive effect on the migration and proliferation of tumor cells ([@b38-ijmm-42-03-1473],[@b39-ijmm-42-03-1473]). These previous reports indicated that paeonol may be involved in causing the death of cancer cells in the treatment of GC by acting on the NF-κB signaling pathway. However, whether there is a target of paeonol between paeonol and the NF-κB signaling pathway remained to be elucidated.

In the screening experiments described in the present study, it was found that ERBB2 may be a potential target of paeonol. The results of follow-up experiments showed that, following treatment of GC cells with paeonol, the protein content of ERBB2 was significantly reduced. The higher the concentration of paeonol, the lower the protein content of ERBB2. This suggested that the gene expression of ERBB2 was significantly affected by the negative regulation of paeonol, with a higher concentration of paeonol causing more marked negative regulation. The examination of ERBB2 in the present study showed that a high expression of ERBB2 increased the proliferation of cells and activated NF-κB ([@b40-ijmm-42-03-1473]). In addition, when the expression level of NF-κB was increased, NF-κB was able to bind with the promoter of ERBB2, which further promoted the expression of ERBB2 ([@b41-ijmm-42-03-1473]). On investigating the regulatory mechanism of ERBB2 on NF-κB, it was found that the PI3K/Akt pathways located downstream of ERBB2 were involved in the regulation of NF-κB activity ([@b42-ijmm-42-03-1473]--[@b44-ijmm-42-03-1473]). The PI3K/Akt signaling pathways have been found to be involved in several cell responses, including cell proliferation and protein synthesis, which are closely associated with inflammation caused by viral infection ([@b45-ijmm-42-03-1473],[@b46-ijmm-42-03-1473]). It was found that the increased gene expression of ERBB2 induced PI3K and Akt kinase activity, and increased the expression of NF-κB. The inhibition of PI3K and Akt led to a decrease in NF-κB activity ([@b43-ijmm-42-03-1473]). These reports suggested that ERBB2 had an activating effect on PI3K/Akt signaling pathways, which further activated downstream NF-κB by this activation. The activation of NF-κB caused activation of downstream inflammatory cytokines, ultimately affecting tumor cells. In the present study, following treatment of GC cells with paeonol, the GC cells showed marked cell death, the protein expression level of PI3K/Akt was significantly decreased, and NF-κB appeared to be inhibited. In addition, the protein content of apoptosis-promoting factor was increased, whereas the protein content of the inhibitor was decreased. These results demonstrated that paeonol inhibited ERBB2, and the inhibition of ERBB2 had an inhibitory effect on the PI3K/Akt signaling pathways, ultimately affecting NF-κB. This effect finally promoted the death of cancer cells.

Using bioinformatics methods, including the analysis of gene-drug associations and STRING analysis, the ERBB2 gene was screened from the GC-related genes. There was a close association between the ERBB2 gene and the known targets of paeonol, suggesting that ERBB2 may be a potential target of paeonol. Subsequently, cytology experiments showed that paeonol significantly inhibited the expression of ERBB2. The protein contents of PI3K/Akt and NF-κB downstream of ERBB2 were decreased. The above results suggested that paeonol affected NF-κB by regulating ERBB2, thereby exerting anticancer effects. Taken together, these results confirmed that ERBB2 is a target of paeonol. However, only SGC-7901 cells were used as a model to verify the results, and using additional cell lines may be beneficial to confirm the conclusions of the present study.

In conclusion, ERBB2, a GC-related gene predicted by bioinformatics, was expressed at high levels in GC tissues, compared with that in adjacent tissues. Paeonol significantly downregulated ERBB2, thereby inhibiting the activation of the AKT/PI3K pathways. The signal transduction of the nuclear translocation of NF-κB was also affected, which finally resulted in the upregulation of the downstream Bax gene inducing the death of SGC-7901 cells. This suggested that paeonol may affect SGC-7901 cells through the regulation of ERBB2.
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![Known target genes of paeonol. The associations between the compound paeonol and genes were analyzed by the Search Tool for Interactions of Chemicals online retrieval site. Closer associations are represented by thicker lines. Protein-protein interactions are shown in grey, chemical-protein interactions shown in green, and interactions between chemicals shown in red. Associations are meant to be specific and meaningful; proteins jointly contribute to a shared function, which does not necessarily mean they are physically binding each other. VCAM1, vascular cell adhesion molecule 1; ICAM1, intercellular adhesion molecule 1; PTGS2, prostaglandin-endoperoxide synthase 2; CASP, caspase; TYR, tyrosinase.](IJMM-42-03-1473-g00){#f1-ijmm-42-03-1473}

![STRING analysis of the cluster of GC-related genes. (A) Gene-gene interaction analysis of the GC-related genes was performed via the STRING website and clustered using k-means. The association graph, with ERBB2, CDH1, IL1B, IL8, IL17A and TGFBR2 as the core, was formed. (B) mRNA levels of ERBB2, IL1B, IL8 and IL17A in adjacent tissues and GC tissues. ^\*\*^P\<0.01 vs. adjacent tissue. STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; gc, gastric cancer; ERBB2, epidermal growth factor receptor 2; CDH1, cadherin 1; IL, interleukin; TGFBR2, transforming growth factor-β receptor 2; TSC1, tuberous sclerosis 1; SLC6A2, solute carrier family 6 member 2; PGA5, pepsinogen 5, group I (pepsinogen A); DSG2, desmoglein 2; LTB, lymphotoxin β.](IJMM-42-03-1473-g01){#f2-ijmm-42-03-1473}

![Interaction network of paeonol and known GC genes. Paeonol is highlighted in red; the blue boxes represent the target genes directly affected by paeonol; the filled blue circles indicate the known GC-associated genes; other circles indicate indirect targets of paeonol; the red lines represent the direct interactions between paeonol and genes; the light gray dotted lines represent the interactions between genes and genes; the black dotted lines represent the shortest paths of the target genes of paeonol to the known GC-related genes (Dijkstra\'s algorithm). GC, gastric cancer.](IJMM-42-03-1473-g02){#f3-ijmm-42-03-1473}

![Enrichment analysis of signaling pathways of genes affected by paeonol. The color indicates the degree of enrichment; the circle size represents the number of differential genes; the abscissa indicates the ratio of the number to the item.](IJMM-42-03-1473-g03){#f4-ijmm-42-03-1473}

![Effect of paeonol on the growth of gastric cancer cells. The SGC-7901 cell lines were treated with 0, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/ml paeonol and detected using a MTT assay 24 and 48 h later, respectively. ^\*^P\<0.05.](IJMM-42-03-1473-g04){#f5-ijmm-42-03-1473}

![Effect of paeonol on the morphology of SGC-7901 cells. The SGC-7901 cell lines were incubation with 0.1, 0.2, 0.4 mg/ml paeonol with dimethyl sulfoxide as the control. After 24 h, the morphological changes of the cells were observed under an inverted microscope (magnification, ×300). con, control.](IJMM-42-03-1473-g05){#f6-ijmm-42-03-1473}

![Paeonol promotes the apoptosis of SGC-7901 cells. The SGC-7901 cell lines were incubated with 0, 0.1, 0.2 and 0.4 mg/ml paeonol with dimethyl sulfoxide as the controls. After 24 h, cell apoptosis was detected by flow cytometry. Quantification of results. ^\*^P\<0.05; ^\*\*^P\<0.01 vs. 0 mg/ml Pae. Pae, paeonol.](IJMM-42-03-1473-g06){#f7-ijmm-42-03-1473}

![Paeonol significantly downregulates the expression of ERBB2. (A) SGC-7901 cell lines were treated with 0, 0.1, 0.2 and 0.4 mg/ml paeonol and the expression of ERBB2 in the SGC-7901 cell line was detected by western blot analysis. (B) Corresponding quantification graph. ^\*\*^P\<0.01 vs. 0 mg/ml Pae. Pae, paeonol; ERBB2, epidermal growth factor receptor 2.](IJMM-42-03-1473-g07){#f8-ijmm-42-03-1473}

![Paeonol inhibits the activation of the AKT signaling pathway. The SGC-7901 cell lines were treated with 0, 0.1, 0.2 and 0.4 mg/ml paeonol, and the expression levels of PI3K-Akt were detected by western blot analysis. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. 0 mg/ml Pae. Pae, paeonol; PI3K, phosphoinositide 3-kinase; p-, phosphorylated.](IJMM-42-03-1473-g08){#f9-ijmm-42-03-1473}

![Paeonol inhibits the nuclear transformation of NF-κB. The SGC-7901 cell line was treated with 0, 0.1, 0.2 and 0.4 mg/ml paeonol. (A) Protein expression of p65 in the nucleus and cytoplasm detected were detected by western blot analysis. (B) Detection of downstream target genes in the NF-κB pathway by western blot analysis. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. 0 mg/ml paeonol. NF-κB, nuclear factor-κB; Pae, paeonol; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.](IJMM-42-03-1473-g09){#f10-ijmm-42-03-1473}

###### 

Known gastric cancer-related hot genes using PolySearch2.

  Z-score   R-score   Entity ID   Name     Hits
  --------- --------- ----------- -------- ------
  22.97     1,120     PS20265     ERBB2    47
  21.12     1,035     PS17336     CDH1     54
  16.12     805       PS00155     IL1B     8
  10.79     560       PS19669     DSG2     20
  8.07      435       PS00191     IL8      6
  6.44      360       PS01903     LTB      8
  6.00      340       PS13455     TSC1     18
  5.46      315       PS12239     TGFBR2   2
  5.18      302       PS06478     PGA5     14
  5.13      300       PS10230     SLC6A2   2
  5.02      295       PS00221     IL17A    3

ERBB2, epidermal growth factor receptor 2; CDH1, cadherin 1; IL, interleukin; DSG2, desmoglein 2; LTB, lymphotoxin β; TSC1, tuberous sclerosis 1; TGFBR2, transforming growth factor-β receptor 2; PGA5, pepsinogen 5, group I (pepsinogen A); SLC6A2, solute carrier family 6 member 2.

###### 

Core molecules in the interaction network of paeonol and genes.

  Gene     K-core value   Degree
  -------- -------------- --------
  CASP3    9              36
  CASP8    9              34
  CDH1     9              30
  CXCL8    9              28
  ERBB2    9              28
  ICAM1    9              32
  IL17A    9              26
  IL1B     9              26
  PTGS2    9              32
  TGFBR2   9              24
  VCAM1    9              26

CASP, caspase; CDH1, cadherin 1; CXCL8, C-X-C motif chemokine ligand 8; ERBB2, epidermal growth factor receptor 2; ICAM1, intercellular adhesion molecule 1; IL, interleukin; PTGS2, prostaglandin-endoperoxide synthase 2; TGFBR2, transforming growth factor-β receptor 2; VCAM 1, vascular cell adhesion molecule 1.
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